Abstract: This paper focuses the hardware realization and implementation of speed-sensorless field oriented control of induction motor drive. For speed sensorless operation, natural observer is applied to estimate the stator currents, rotor fluxes, load torque and rotor speed because of its simple structure and no direct feedback. The configuration of the natural observer is comparable to and as well as its feature is identical to the induction motor. State space model is applied to both the estimator and the induction motor. Load torque adaptation is provided to estimate the load torque and, speed is estimated from the torque, rotor fluxes and stator currents. Direct field oriented sensorless vector control scheme is used and the rotor angle is calculated from the estimated rotor fluxes. Simulations as well as experimental results are presented for various speed and load conditions to demonstrate the performance of natural observer in sensorless vector control applications.
Introduction
Induction motors are favoured for very large drives because of the boundaries of commutation and rotor speed in dc drives. The induction motor is in fact 'brushless' and can work with simple controls without a shaft position transducer. Induction motor control can be classified into two types: scalar control and vector control.
In scalar control [1] , the magnitude of the control variable is varied and it disregards the coupling effect in the machine. The most popular method is V/f control, which adjusts the constant volt per hertz of the stator voltage to keep the stator flux constant. The dynamic performance of V/f control is unsatisfactory because of temperature and saturation effect. Recent developments in fast switching power semiconductor devices and powerful digital signal processors made advanced control techniques of induction motors.
The vector control is introduced in the beginning of 1970s. The vector control consists of controlling the stator currents represented by a vector. This control is based on transforming a three phase time and frequency dependent system into a two co-ordinate (d and q axes) time invariant system. These projections lead to a structure similar to that of a separately excited dc motor control.
Vector control is also called as Field Oriented Control (FOC). Generally, two types of field oriented control schemes are available. 1. Direct field oriented control 2. Indirect field oriented control. In the direct scheme, the instantaneous position of rotor flux (θ e ) has to be measured using flux sensors. This adds to the cost and complexity of the drive system. In the indirect scheme, a model of induction motor is required to calculate the reference angular slip frequency that has to be added to the measured rotor speed. The sum is integrated to calculate the instantaneous position of the rotor flux. Indirect field orientation is more sensitive to parameters values inaccuracy than direct field orientation. The value of the rotor time constant vector and/or rotor shaft speed. The induction motor drives without mechanical speed sensors have the attractions of low cost, high reliability and reduce the size and the lack of additional wiring for sensors or devices mounted on the shaft. Nowadays, a number of adaptive observer design techniques are available for speed and flux estimation. The standard speed estimators are Luenberger observer [2] - [7] , Extended Kalman Filter (EKF) [8] - [13] , Model Reference Adaptive System (MRAS) [14] - [18] , natural observer [19] , load torque observer [20] - [21] , sliding mode observer [22] - [23] etc.
The selection of the observer gain constant (K) is difficult in Luenberger observer. The initial selection of noise covariance matrices is not easy in EKF and subsequently the algorithm is complicated. The number of inputs in EKF and Luenberger observer is different to the number of inputs to the induction motor since they utilize output feedback. The above difficulties are overcome by introducing natural observer for estimating the speed and also the load torque.
The paper is organized as follows: Chapter 2 discusses the concepts of natural observer. The simulation results are presented in chapter 3. Hardware circuits and results are presented in chapter 4 and are concluded in chapter 5.
Mathematical Model of Natural Observer
The structure and features of the natural observer are identical to the induction motor for the given supply voltage and load torque. The major difference between natural and conventional observer is that there is no external feedback and faster convergence rate. As a result, the speed estimation follows the speed changes simultaneously. Its dynamic behavior is exactly the same as the motor and load torque adaptation is used to estimate the load torque from the active power error. Fourth order induction motor model in stator flux oriented reference frame is used to estimate the speed, where dq-axes stator currents and rotor fluxes are selected as state variables. The induction motor is represented in stationary reference frame by the following state equations: 
The block diagram representation of natural observer is shown in Figure 1 and the observer state equations are as follows:
where, "^" represents the estimated quantities.
The load torque is estimated from the active power error by the following equation [14] :
Estimation of rotor speed is acquired from estimated stator current, rotor flux and the estimated load torque as:
Where n p is the no. of pole pairs and J is of inertia of motor load system (kg.m 2 ). The speed estimation methods in EKF and Luenberger observer always desires some correction term in order to follow speed changes. This results in the estimation always lagging the actual values. In natural observer, the speed estimation follows the speed changes simultaneously even for sudden change occurs in the load torque. The closed loop arrangement of induction motor drive with natural observer is shown in Figure 2 . The reference currents * and * are calculated as follows: * =̂ * (8) * is obtained by comparing the actual flux with the reference flux and the error is processed in the PI controller which gives the desired value of * . It is also attained by the following equation for a known flux value. * = * (9) The reference currents are transformed into stationary reference frame by rotor angle . The two phase dq-axes stator currents are transformed into three phase reference currents by 2 to 3 conversion blocks (inverse Clarke's transformation). 
Simulation Results and Discussions
The simulation blocks of sensorless vector control are constructed in MATLAB using power system block sets and simulink libraries. The simulation results are presented for various running conditions. The ratings and parameters of the induction motor used for simulation are given in Table 1 . Three phase squirrel cage induction motor of 0.746 kW (1HP) is used for simulation. Direct field oriented sensorless vector control scheme is used and the rotor angle is calculated from the estimated rotor fluxes. Figure 3 shows the simulation diagram of natural observer based sensorless vector control with PI controller. Induction motor and natural observer state equations are constructed in m-file and called back in simulink model file. In addition, various simple blocks available in simulink are used to construct the entire system. PI controller is constructed using PID block available in simulink libraries.
Simulations are carried out at a speed of 1000 rpm and the simulation results are shown in Figure 4 . The motor is at no load at the time of starting. The command speed is set at 1000 rpm. At t = 1.5s, a step command is given and the speed of the motor increases from 1000 rpm to 1250rpm. At t=3s, a load of 2.5 Nm is applied. At steady state, the difference between estimated and actual speed is zero. The estimated and actual speed responses are shown in Figure 4 (a). It is observed that the estimated speed follow the actual speed and its convergence rate is fast even for a sudden change in load conditions. The estimated torque response is illustrated in Figure 4 (b) . The estimated torque follows the load torque and no limiter is placed in the torque estimator. It is concluded that the observer estimates the speed and load torque of the motor for a variety of running conditions. R. Gunabalan, et al. 
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Hardware Results and Discussions
Three-phase squirrel cage induction motor of 745.6 W (1HP) is used for both simulation and hardware set up. Brake drum arrangements are provided for mechanical loading. The central processor unit is the TMS320F2812 DSP processor and it executes all the mathematical calculations. Various simulink blocks like natural observer and PI controllers are built in VISSIM. TMS320F2812 DSP processor supporting blocks are available in VISSIM. In VISSIM, the simulation blocks are converted into C-codes using the target support for TMS320F2812 and compiled using code composer studio internally and the output file is downloaded into the DSP processor through J-tag emulator. Three numbers of LEM current sensors and voltage sensors are used to measure the phase currents and terminal voltages of induction motor respectively. The measured analog currents and voltages are converted into digital by on chip ADC with 12 bit resolution. The feedback signals are linked to DSP processor using 26 pin header and the processor estimates the stator current, rotor flux, load torque and speed. The processor also generates the required PWM pulses to enable the three phase IGBT inverter switches in the Intelligent Power Module (IPM). Highly effective overcurrent and short-circuit protection is realized through the use of advanced current sense IGBT chips that allow continuous monitoring of power device current. System reliability is further enhanced by the IPM's integrated over temperature and under voltage lock out protection.
The hardware results for a step speed of 1000 rpm to 1250 rpm for a load of 2.5 Nm are shown in Figure 5 . The actual speed of the motor is measured by proximity sensor. The estimated speed and actual speed waveforms are depicted in Figure 5 (a). It is identified that the estimated speed follows the actual speed and matches with the simulation waveform. The estimated speed response with respect to the reference speed of 1250 rpm is illustrated in Figure 5 (b). The motor runs at a constant speed of 1250 rpm (1cm = 500 rpm) with a load of 2.5 Nm (1cm=1Nm). The external load is applied by brake drum mechanism and the torque is calculated using standard formula. The estimated torque waveform observed under no load and a load of 2.5 Nm is illustrated in Figure 5 (c) and it follows the applied load. The dq-axes stator current waveform obtained by simulation and hardware results are shown in Figure 6 . It is inferred that the hardware results support the simulation results. 
Conclusions
The induction motor and natural observer are modeled in MATLAB with state space model and simulations are carried out for different running conditions. It is concluded that the estimated parameters such as rotor speed and load torque follow the command value and the error is zero at steady state. The ripple is very less in the estimated torque and the convergence rates are very fast. P-I controllers are applied in the speed control loop to generate the torque reference and to maintain the rotor flux constant. Hardware results are presented to validate the performance of the natural observer and it matches with the simulation results. The natural observer is a simple and speedy estimator for sensorless vector control of induction motor drive. 
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